Cordyceps sinensis is a traditional Chinese herbal medicine that has been used for centuries in Asia as a tonic to soothe the lung for the treatment of respiratory diseases. The aim of the present study was to determine the effects of C. sinensis on airway remodeling in chronic obstructive pulmonary disease (COPD) and investigate the underlying molecular mechanisms. Rats with COPD were orally administered C. sinensis at low, moderate or high doses (2.5, 5 or 7.5 g/kg/day, respectively) for 12 weeks. Airway tissue histopathology, lung inflammation and airway remodeling were evaluated. C. sinensis treatment significantly ameliorated airway wall thickening, involving collagen deposition, airway wall fibrosis, smooth muscle hypertrophy and epithelial hyperplasia in model rats with COPD. Additionally, C. sinensis administration in rats with COPD reduced inflammatory cell accumulation and decreased inflammatory cytokine production, including tumor necrosis factor-α, interleukin-8 and transforming growth factor (TGF)-β1 in bronchoalveolar lavage fluid. Meanwhile, the increased levels of α-smooth muscle actin and collagen I in the COPD group were also markedly decreased by C. sinensis treatment. Furthermore, compared with untreated rats with COPD, C. sinensis reduced the expression level of phosphorylated (p)-Smad2, p-Smad3, TGF-β1 and its receptors, with the concomitant increased expression of Smad7 in the lungs of rats with COPD. These results indicated that treatment with C. sinensis may be a useful approach for COPD therapy.
Introduction
Chronic obstructive pulmonary disease (COPD) is a common chronic inflammatory disease of the airways (1, 2) that is characterized by poorly reversible airflow limitation and structural changes in the airway components, known as remodeling (3) . Airway remodeling is strongly associated with the progression of COPD. Current therapy for COPD predominantly focuses on the relief of respiratory symptoms and cannot alleviate the long-term deteriorating pulmonary function effectively due to airway remodeling (4) . Therefore, novel therapeutic strategies and medications to prevent airway remodeling for COPD are highly demanded.
The major pathological features of airway remodeling in COPD include goblet cell hyperplasia, collagen deposition and smooth muscle hyperplasia, as well as airway wall fibrosis (4, 5) . Previous studies have demonstrated that chronic airway inflammation was closely associated with airway remodeling and is involved in airway injury and repair in COPD (6) (7) (8) . Chronic inflammation causes airway structural changes and narrowing of the small airways (7, 8) . Transforming growth factor (TGF)-β1, a key profibrotic mediator, serves a critical role in inflammatory injury and repair, contributing to the development of airway remodeling in COPD (9, 10) . TGF-β1 has been indicated to be increased in airway epithelium, airway smooth muscle, fibroblasts and macrophages in lungs of patients with COPD (11, 12) . These observations suggest that TGF-β signaling has an impact on the development and progression of COPD. Research has indicated that the TGF-β1/Smad signaling pathway notably impacts respiratory disease and induces a series of pathological reactions related to airway remodeling (13, 14) . Following the binding of TGF-β to its receptors, Smad2 or Smad3 phosphorylates and binds to Smad4, resulting in the alteration of TGF-β target genes, including α-smooth muscle actin (SMA) and collagen I (13, 15, 16) . This whole process is essential for the pathogenesis of COPD airway remodeling. Smad7 exerts a negative effect on TGF-β/Smad signaling (17, 18) ; therefore, inhibiting the TGF-β1/Smad signaling pathway may lead to novel therapeutic strategies against COPD.
Cordyceps sinensis has been used as a type of traditional Chinese natural drug that has been demonstrated to possess Cordyceps sinensis inhibits airway remodeling in rats with chronic obstructive pulmonary disease (19, 20) . Due to the rarity of wild C. sinensis fruiting bodies, the artificial cultivation of C. sinensis has emerged as an attractive substitute for the preparation of health supplements (21, 22) . Previous studies have indicated that this medicine may also have a protective effect against lung diseases (23, 24) . In a previous study conducted by the present research group, it was revealed that C. sinensis was able to significantly inhibit senescence via the reactive oxygen species and phosphoinositide 3-kinase/AKT/mechanistic target of rapamycin signaling pathways in cigarette smoke extract (CSE)-induced 16 human bronchial epithelial cells (HBEs) (25) . Previous reports have suggested that C. sinensis may have anti-fibrotic effects (24, 26, 27) . It was therefore hypothesized that C. sinensis may inhibit airway remodeling in COPD. To test this hypothesis, the present study investigated the effect of C. sinensis on airway remodeling in vivo and explored its underlying mechanisms in COPD. (28) . Briefly, intratracheal injection of 1 mg/ml LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was conducted on day 1 (0.2 ml) and 14 (0.1 ml). Except for days 1 and 14, rats were exposed to smoke generated by 8 cigarettes (Hademen ® Filter tip cigarette; Jinan Cigarette Factory of China Tobacco Shandong Industrial Co., Ltd., Jinan, China; tar, 10 mg; nicotine content, 1.0 mg; carbon monoxide, 12 mg) in a sealed box connected to the smoke source for 30 min, twice daily for the first 2 weeks; then 15 cigarettes per treatment, three times daily for 10 weeks. Artificially cultured C. sinensis powder was obtained from Hangzhou Zhongmei Huadong Pharmaceutical Co., Ltd. (Hangzhou, China). C. sinensis powder was dissolved in normal saline (500 mg/ml) to prepare the turbid liquid suspension, and applied to the LOW, MOD and HIG groups (2.5, 5 or 7.5 g/kg/day, respectively) intragastrically following cigarette smoke exposure once a day for 12 weeks. Rats in the CON group were exposed to air and treated with PBS. After 12 weeks, rats were sacrificed with an intraperitoneal injection of pentobarbital sodium (150 mg/kg; Sigma-Aldrich; Merck KGaA).
Materials and methods

Bronchoalveolar lavage fluid (BALF)
. BAL was performed in the left lung through a tracheal cannula under anesthesia using 1 ml sterile isotonic saline three times in each rat. The BALF was immediately centrifuged at 200 x g for 10 min at 4˚C. The supernatant was stored at -80˚C for cytokine measurements. Total cell counts in BALF were performed using a hemocytometer. Differential cell counts were performed on cytospin preparations with Wright-Giemsa stain. Briefly, the cells were evenly coated on clean glass slides and fixed with absolute methanol after drying at room temperature. The slides were stained with Wright's-Giemsa solution for 10 min at room temperature, then washed, dried and observed by light microscope (original magnification, x1,000; Olympus Corporation, Tokyo, Japan). At least 200 cells/sample were scored.
ELISA. The levels of interleukin (IL)-8 (cat. no. MBS7606869; MyBioSource, Inc., San Diego, CA, USA), tumor necrosis factor (TNF)-α (cat. no. RTA00; R&D Systems, Inc., Minneapolis, MN, USA) and TGF-β1 (cat. no. MB100B; R&D Systems, Inc.) were determined using a sandwich ELISA method, according to the manufacturer's protocol.
Histopathological analysis. Tissue samples from the left lung of euthanized rats were fixed with 4% paraformaldehyde at room temperature for 24 h and processed for paraffin embedding. Lung paraffin sections were sliced to 5-µm-thick sections and then stained with hematoxylin (3 min) and eosin (1 min) at room temperature using a staining kit (cat. no. G1120; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) under a light microscope (original magnification, x200; Olympus Corporation).
The lung sections were also examined with Masson's trichrome stain to assess the deposition of peribronchial collagen. Following dewaxing and hydration with xylene and a gradient concentration of ethanol (100, 95, 80 and 70%). The slides were stained with Weigert iron hematoxylin for 8 min and then differentiated with 1% hydrochloric acid alcohol. Subsequently, slides were stained with Ponceau fuchsin for 8 min. Following staining with phosphomolybdic acid solution for ~5 min, the slides were stained with aniline blue for 5 min, differentiated in 1% acetic acid for 1 min, dehydrated in an ascending series of ethanol (95 and 100%), washed in xylene and sealed with neutral gum. All steps were conducted at room temperature. Masson's trichrome staining was used to differentiate collagen from other fibers, staining nuclei in black, cytoplasm and muscles in red and collagen in blue. The sections were visualized using a light microscope at a magnification of x200.
Additionally, three random microscope fields in which the bronchiole diameters were <100 µm (shortest path/lumen diameter, cope fields in which the brox200 were observed to determine the changes of thickness and area of the tube wall. The wall area/total bronchiole area (MA%) and the wall thickness/bronchiole diameter (MT%) were then calculated.
In the present study, it was found that the moderate (5 g/kg/day) and high (7.5 g/kg/day) dose of C. sinensis group had a marked inhibitory effect on airway remodeling parameters compared with the low (2.5 g/kg/day) dose group, but there was no significance between 5 and 7.5 g/kg/day treatments. Therefore, the 5 g/kg/day dose of C. sinensis was selected for pathological evaluation in following experiments.
Immunohistochemistry. Immunohistochemistry was performed by a two-step immunoperoxidase protocol. Lung tissue was fixed at room temperature in 4% paraformaldehyde for 24 h and embedded in paraffin an sliced into a 4-µm-thick sections. Slides were deparaffinized, rehydrated with xylene and ethanol of gradient concentration (100, 95, 80 and 70%) and antigen retrieval was performed by microwave (95˚C, 15-20 min). Endogenous peroxidases were blocked by soaking slides in 3% H 2 O 2 for 30 min at room temperature. Subsequently, the slides were incubated with anti-α-SMA (1:200; cat. no. sc-53142), anti-collagen I (1:100; cat. no. sc-59772; both Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-TGF-β1 (1:100; cat. no. ab92486), anti-TGF-β receptor (TβR) I (1:100; cat. no. ab31013) and anti-TβR II (1:100; cat. no. ab186838; all Abcam, Cambridge, MA, USA) antibodies overnight at 4˚C in a humidified chamber. Following this, the sections were incubated with the secondary horseradish peroxidase-conjugated goat anti-rabbit (cat. no. ZB-2301) and goat anti-mouse (cat. no. ZB-2305) antibodies (both 1:500; OriGene Technologies, Inc., Beijing, China) for 1 h at room temperature. Sections were stained with diaminobenzidine for 2-5 min and counterstained with 10% hematoxylin for 3 min at room temperature. Stained areas of the sections were visualized using a light microscope at magnification of x200. Positive areas were quantified by densitometry using Image-Pro Plus software (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).
Western blotting. Total proteins in right lung tissue samples from each group were extracted prior to western blotting. Lung tissue was mixed with RIPA lysate buffer (P0013K; Beyotime Institute of Biotechnology, Haimen, China) with a ratio of 100 mg/ml. The mixture was centrifuged (12,000 x g) at 4˚C for 5 min to collect the supernatant. The total protein was quantitated using a Pierce BCA Protein Assay Kit. The protein (20 µg/lane) was loaded and separated using 10% SDS-PAGE, and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon; EMD Millipore, Billerica, MA, USA) at 4˚C. The PVDF membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 (TBST) for 60 min at room temperature. The membranes were incubated with the following antibodies: Anti-TGF-β1 (1:500), anti-TβR I (1:500), anti-TβR II (1:500), anti-collagen I (1:1,000) anti-α-SMA (1:1,000), anti-phosphorylated (p)-Smad2 (1:1,000; cat. no. 3104, Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p-Smad3 (1:1,000; cat. no. 9520, Cell Signaling Technology, Inc.) anti-Smad7 (1:1,000; cat. no. sc-365846) and GAPDH (1:1,000; cat. no. sc-47724; both Santa Cruz Biotechnology, Inc.) overnight at 4˚C. The membrane was washed three times for 5 min each with 1X TBS containing 0.15 Tween-20 followed by incubation with secondary horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse antibodies (both 1:5,000) at 37˚C for 1 h. The immunoreactive bands were visualized by a enhanced chemiluminescence kit (cat. no. K820-500; BioVision, Inc. Milpitas, CA, USA). GAPDH was used for normalization. The quantification of protein expression was analyzed by densitometry using ImageJ software (version 1.46; National Institutes of Health, Bethesda, MD, USA).
In the present study, it was found that C. sinensis at a dose of 5 g/kg/day efficiently decreased the protein and mRNA expression levels of TGF-β1, TβR I and TβR II, but there was no significant difference between 5 and 7.5 g/kg/day treatments. Therefore, the optimal dose was 5 g/kg/day of C. sinensis, which was selected for following experiments.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from the right lung tissue of rats using TRIzol reagent (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. Total RNA was extracted from the right lung tissue of rats using TRIzol reagent (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. A total of 1 µg total RNA was used for reverse transcription with PrimeScript RT Master Mix (TaKaRa, Bio, Inc) according to the manufacturer's protocol. qPCR was performed by using the SYBR ® Premix Ex Taq™ II (Takara Bio, Inc.) according to the manufacturer's protocol on a LightCycler 480 System (Roche Diagnostics, Basel, Switzerland). The qPCR reaction mixture consisted of 2 µl cDNA, 10 µl SYBR Premix Ex Taq II (2X), 0.8 µl of 10 uM forward primer, 0.8 µl of 10 uM reverse primer, and 6.4 µl double distilled H 2 O to a final volume 20 µl. The thermocycling conditions were as follows: 95˚C for 30 sec (initial denaturation), followed by 40 cycles of 95˚C for 5 sec (denaturation) and 60˚C for 30 sec (annealing). Next, a melting curve was performed at 95˚C for 5 sec, 60˚C for 1 min and then continuously at 95˚C, followed by 50˚C for 30 sec (cooling). Relative quantification of mRNA was calculated using the 2 -ΔΔCq method (29) . The sequences of primers used for RT-qPCR in the present study are demonstrated in Table I . GAPDH gene was used as an internal control.
Statistical analyses.
All data are presented as the mean ± standard error of the mean. All experiments in the present study were repeated at least three times. One-way analysis of variance followed by Newman-Keuls post hoc tests were used to compare measurements of individual groups. The statistical analysis was conducted using SPSS software (version 19.0; IBM Corp, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of C. sinensis on histopathology in rats with COPD.
To detect the airway structural changes in rats with COPD, the slides from each group were stained with H&E. As demonstrated in Fig. 1A , airway structural changes, including airway wall thickening, numerous inflammatory cell infiltration, subepithelial fibrosis, increased smooth muscle mass and epithelial metaplasia, were observed in the COPD group. However, C. sinensis treatment markedly ameliorated the aforementioned changes. In addition, Masson's trichrome staining was used to reveal the deposition of collagen and proliferation of smooth muscle hypertrophy in airway areas of the COPD group, while these changes were effectively decreased in rats treated with C. sinensis (Fig. 1B) . Additionally, a significantly larger bronchiole tube area, thicker tube wall surrounded by proliferative connective tissue and increased MA% and MT% were detected in the COPD compared with that observed in the control group (P<0.01). These characteristics were significantly improved by C. sinensis treatment (P<0.05; Fig. 1C-F) .
C. sinensis attenuates lung inflammatory responses in a rat model of COPD.
As inflammation serves an important role in the development of airway remodeling in COPD, the effect of C. sinensis treatment on lung inflammation was evaluated. BALF cell counts were performed to examine the effect of C. sinensis on the inflammatory response induced by cigarette smoke. Smoking treatment induced extensive infiltration of inflammatory cells, as demonstrated by the significant increase in the numbers of total cells, macrophages, neutrophils and lymphocytes in the COPD group compared with the numbers in the CON group (P<0.01). C. sinensis significantly reversed all types of cell accumulation in BALF of the COPD rats (P<0.05; Fig. 2A-D) . In addition, the inflammatory cytokines, including TNF-α, IL-8 and TGF-β1, in BALF were significantly increased in the rats with COPD compared with the levels observed in the CON group (P<0.01; Fig. 2E-G) , and the production of TNF-α, IL-8 and TGF-β1 were significantly reduced in rats treated with C. sinensis at all treatment doses (P<0.01; Fig. 2E-G) .
C. sinensis inhibits the expression of collagen I and α-SMA in rats with COPD.
To detect whether C. sinensis could inhibit airway remodeling, the effect of C. sinensis on the expression of collagen I and α-SMA in rats with COPD was examined by immunohistochemistry, western blotting and RT-qPCR. The present study revealed that the protein and mRNA expression levels of collagen I and α-SMA were significantly elevated in rats with COPD compared with the levels observed in the CON group (P<0.05; Fig. 3A-C) . However, the collagen I and α-SMA protein and mRNA expression levels were significantly decreased in rats treated with C. sinensis (P<0.05; Fig. 3A-C) .
C. sinensis reduces the expression of TGF-β1 and its receptors in the airway.
A role for TGF-β1 has been proposed in .01 vs. COPD group. CS, Cordyceps sinensis; COPD, chronic obstructive pulmonary disease; H&E, hematoxylin and eosin; MA%, wall area/total bronchiole area; MT%, wall thickness/bronchiole diameter. Table I . Primer sequences used for reverse transcription-quantitative polymerase chain reaction.
Primer sequence -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------Target gene
Forward (5'-3') Reverse (5'-3')
Transforming growth factor-β1 CAACAATTCCTGGCGTTACCTTGG GAAAGCCCTGTATTCCGTCTCCTT α-smooth muscle actin CCACCGCAAATGCTTCTAAGT GGCAGGAATGATTTGGAAAGG Collagen I  TGCCGTGACCTCAAGATGTG  CACAAGCGTGCTGTAGGTGA  TβR I  GAGGTGTCAGACTGATTTTCAGGAG  ATGTCACAAAGGAAATTCATAAAGC  TβR II  GGCTCTGGTACTCTGGGAAA  AATGGGGGCTCGTAATCCT  GAPDH GTGGCAAAGTGGAGATTGTT CTCGCTCCTGGAAGATGG TβR, transforming growth factor-β receptor.
airway remodeling of COPD (6, 9, 10) . To explore the mechanisms by which C. sinensis inhibits airway remodeling, the expression levels of TGF-β1, TβR I and TβR II were assessed by immunohistochemistry, western blotting and RT-qPCR. As demonstrated in Fig. 4 , the protein and mRNA expression levels of TGF-β1 were significantly increased in rats with COPD compared with the levels observed in the CON group (P<0.01). Meanwhile, the protein expression levels of TβR I and TβR II were also significantly increased in the COPD group compared with the levels observed in the CON group (P<0.01). The administration of C. sinensis significantly attenuated TGF-β1, TβR I and TβR II expression (P<0.05; Fig. 4A-C) .
Effect of C. sinensis on the TGF-β1/Smad signaling pathway.
The TGF-β1/Smad signaling pathway is crucial in the regulation of the transcription of genes involved in airway remodeling in COPD (13) . As demonstrated in the present study, the expression levels of signal proteins of p-Smad2 and p-Smad3 were significantly upregulated in the COPD group compared with the levels observed in the CON group (P<0.01; Fig. 5A-C) . The expression of Smad7 was significantly decreased in the COPD group compared with the level observed in the CON group (P<0.01). Administration of C. sinensis for 12 weeks significantly decreased the high expression of p-Smad2 and p-Smad3 (P<0.05), and increased the protein expression level of Smad7 (P<0.05) in rats with COPD to different degrees (Fig. 5A-C) .
Discussion
C. sinensis has been used in traditional Chinese medicine to treat lung disease for centuries due to its pharmacological and therapeutic effects (30) . There has been an increased interest in the anti-fibrotic effect of C. sinensis (24, 26, 27) . The present study investigated the inhibitory effect of C. sinensis on airway remodeling in rats with COPD. It was demonstrated that C. sinensis inhibited the accumulation of inflammatory cells and production of cytokines in BALF of rats with COPD. Meanwhile, C. sinensis treatment also reduced the protein and mRNA expression levels of collagen I, α-SMA, TGF-β1 as well as its receptors. Additionally, the present study revealed that C. sinensis regulated the expression of key signal proteins of the TGF-β1/Smad pathway, which may influence the regulation of airway remodeling. Various studies have indicated that inflammation serves an important role in COPD airway remodeling (31) (32) (33) . Chronic inflammation could initiate the frequent occurrence of injury and repair, which contributes to airway structural changes and airway remodeling. Previous studies have demonstrated that various proinflammatory cytokines and profibrotic growth factors are involved in airway injury and repairing (34) (35) (36) . C. sinensis has been indicated to have effects on anti-inflammatory and immunomodulatory activities in vitro and in vivo (37, 38) . C. sinensis may suppress IL-1β, TNF-α, IL-6 and IL-8 cytokine production in BALF (39) . In the present study, it was observed that the numbers of total cells, macrophages, neutrophils and lymphocytes were significantly increased in BALF of the model rats with COPD, and these numbers could be alleviated by C. sinensis treatment. Consistent with the previous observation, it was observed that the production of cytokines, including TNF-α, IL-8 and TGF-β1, in rats with COPD were reduced by C. sinensis treatment. These findings suggest that C. sinensis has anti-inflammatory activities in vivo, as shown by reduced inflammatory cell counts, and decreased expression levels of IL-8, TNF-α and TGF-β1 in BALF of rats with COPD. Overall, the present results support that suppression of airway inflammation may contribute to the protective effect of C. sinensis in COPD.
TGF-β1 is an important profibrotic cytokine, which has been widely implicated in the pathogenesis of airway repair and remodeling (9, 10) . TGF-β1 promotes collagen deposition, airway smooth muscle cell and fibroblast proliferation, and epithelial-to-mesenchymal transition (10, 40) . TGF-β serves multiple biological effects through Smad-dependent and Smad-independent signaling pathways (13, 18) . Smad signaling is recognized as the most critical signaling pathway of airway remodeling (10, 13) . Previous research has suggested that specific inhibitor of Smad3 may inhibit TGF-β1-induced expression of type I collagen in normal fibroblasts and scleroderma fibroblasts (41) . A study by Le et al (42) demonstrated that airway remodeling was alleviated in Smad3-deficient mice, with a decrease in collagen deposition and the smooth muscle layer. Based on these previous studies, it was hypothesized that inhibiting the TGF-β1/Smad signaling pathway may be a useful therapeutic method against airway remodeling.
In COPD, various factors have been revealed to activate the TGF-β1/Smad signaling pathway (43) (44) (45) . Rats exposed to cigarette smoke highly express TGF-β and upregulate downstream signature protein p-Smad2, accompanied by an increase in collagen deposition (14) . In the present study, it was identified that the expression levels of TGF-β1, TβR I, TβR II, p-Smad2 and p-Smad3 were upregulated in the lungs of rats with COPD. This suggests that cigarette smoke may activate the TGF-β1/Smad signaling pathway. Previous studies have indicated that C. sinensis attenuated liver and renal fibrosis by inhibition of the TGF-β1/Smad signaling pathway and downregulation of α-SMA, collagen and TGF-β1 (26, 27) . In the present study, C. sinensis treatment was also demonstrated to decrease TGF-β1, TβR I and TβR II expression, and suppress phosphorylation of Smad2 and Smad3 while increasing the expression of Smad7 in rats with COPD. Additionally, the biochemical and histological signs of airway remodeling, including collagen I and α-SMA in the airway, were also markedly reduced in rats treated with C. sinensis.
Therefore, reduction of phosphorylation of Smad2 and Smad3, and upregulation of Smad7 expression may directly lead to an attenuation of airway remodeling in COPD. These results suggest that C. sinensis may inhibit the TGF-β1/Smad signaling pathway to improve airway remodeling in COPD.
In conclusion, the present study demonstrated that C. sinensis attenuated airway remodeling in rats with COPD by inhibiting airway inflammation and the TGF-β1/Smad signaling pathway. These findings suggest C. sinensis may be a useful approach for COPD therapy.
